Present and Past
================

A spinal cord injury that affects mainly the final common motor pathway and the primary sensory trajectories occurs as the spinal nerve roots are torn or avulsed from their medullary attachments. In humans this occurs most frequently in traction injuries to the brachial plexus but also in trauma to the lumbosacral plexus and cauda equina as well as conus medullaris. Root avulsion interrupts the local transverse segmental spinal cord motor and sensory nerve fibers and is a longitudinal spinal cord injury. This injury has a serious effect of the pertinent spinal cord segment with the breakdown of connections and networks and the development of a spinal cord scar. Disintegration of the shorter central part of the sensory axon and most of the motoneuron axon with a dying back into the spinal cord follows. Within a few weeks after such a trauma there will be an increasing death of neurons in the spinal cord, affecting motoneurons, and autonomic neurons in the ventral horn as well as sensory neurons in the dorsal horn. There is, however, very little if any disintegration of the primary sensory neurons in the ganglion in the dorsal root (Carlstedt, [@B6]).

The functional consequence of such injury is lower motoneuron syndromes, associated with autonomic paralysis including dysfunctional internal organs, limb muscle atrophy, sensory impairment, and chronic pain. These injuries most often occur as a result of road traffic accidents or violent acts. About 1000 patients are affected annually in the UK. Nerve root injury has been associated with an overall poor clinical outcome as a successful surgical repair would require axonal regrowth within the central nervous system as spinal cord regeneration. Today, therefore, most patients with this type of injury are not treated at all or receive non-curative palliative surgery, which do not give the same level of recovery and pain alleviation.

Experimentally, it was obvious that after dorsal root avulsion and repair sensory axons when encounter the astrocyte dominated CNS part of the root are immobilized and seem to be "stabilized", rather than "repelled" (Carlstedt, [@B4]). It seems as if they stop because of synapse formation which might be more instructive in the inhibition than inhibitory molecules or lack of intrinsic regenerative capacity. Electron microscopical analysis showed that at least some of these axons form nerve terminals exhibiting active zones which contain transmitter substance. This is another way of inhibition than what currently is the concept (He and Koprivica, [@B17]). There are a number of reports of induced regeneration of dorsal roots by transplantation of glia cells (Kliot et al., [@B21]), conditioning lesions (Chong et al., [@B11]), or application of growth factors (Ramer et al., [@B24]; Wang et al., [@B26]). None of those strategies have, however, been useful for clinical applications. A type of stem cells, the olfactory ensheathing cells (OEC) when applied to dorsal roots after injury aggregate in the transitional region without entering into the spinal cord and seem to form a scaffold for the regrowing sensory fibers which can cross into the spinal cord. This technique is now just about to be applied clinically for restoration of sensory function after root injury (Li et al., [@B22]).

The intracellular neurophysiological and staining technique that unequivocally demonstrated that defined injured spinal cord motoneurons after avulsion and replantation of detached ventral roots could regrow new central nervous axons is the golden standard by which any claim of CNS regeneration should be assessed. In those experiments restoration of muscle function by the injured motoneurons could be confirmed (Cullheim et al., [@B12]). In recent experiments the recovery of autonomic visceral function was demonstrated from the application of this surgical method in conus medullaris and cauda equina injuries as re-innervation of the lower urinary tract occurred (Hoang et al., [@B18]).

The biological background to such exceptions to the rule of unsuccessful regeneration in the CNS remains partly elusive.

A human surgical strategy for the repair of avulsed ventral roots and the longitudinal spinal cord injury was developed from the experimental findings. This line of work has been successfully continued in clinical studies and a real translation of laboratory experiments and results to clinical cases was commenced about 20 years ago (Carlstedt et al., [@B8]; Carlstedt, [@B6]). By the replantation of avulsed ventral roots or reconnection by means of nerve grafts between the pertinent spinal cord segments and the avulsed ventral roots there was recovery of useful function mainly to proximal limb muscles after brachial as well as lumbosacral plexus injuries. The best results have been noted in a few preadolescent patients where useful hand function was restored from replantation of lower spinal roots to the brachial plexus. Restored locomotor function was described after lumbosacral plexus repair (Carlstedt, [@B6]).

Neuropathic pain commonly follows avulsion injuries to the brachial plexus as well as cauda equina injuries. Interestingly, there is a significant correlation between pain intensity and the number of avulsed roots. The mechanism behind nerve root avulsion induced pain is not understood but there is a conspicuous alleviation of this pain with recovery of muscle but not sensory function (Berman et al., [@B2]; Htut et al., [@B19]). Thus in patients with a complete brachial plexus avulsion injury where replantation has been performed there is in conjunction with restored muscle activity diminished pain (Havton and Carlstedt, [@B16]). In patients with re-established muscle function throughout the extremity -- also in the hand -- there is a total loss of pain (Carlstedt et al., [@B7]). Obviously motor rather than sensory function is of significance. Basic science correlates to this clinical observation has recently been done as ventral root avulsion is capable of eliciting damage that propagates from the ventral to the dorsal horn and can cause degeneration in primary afferent fibers (Bigbee et al., [@B3]; Havton and Carlstedt, [@B16]). Interestingly, ventral root implantation protects against afferent degeneration, and reduces the glia response as well as promotes motoneuron survival (Bergerot et al., [@B1]; Bigbee et al., [@B3]; Eggers et al., [@B13]).

With the current surgical technique recovery of sensory function is poor as restoration of primary sensory neuron contacts in the dorsal horn has clinically not been possible. Intriguing is, however, that even without sensory feedback such as proprioception from muscles there was recovery of useful function also in the hand when exclusively motor trajectories were restored from spinal cord implantation. Functional MRI of cortical activities in such a case has been performed (Carlstedt et al., [@B9]). Not surprisingly it was shown that when the affected hand was used there was bilateral cortical activities which did not happen in the normal situation. This is related to cortical plasticity as there is a bilateral cortical representation for each side but normally the ipsilateral cortex is inhibited through transcallosal connections which in circumstances such as multiple sclerosis and stroke are disinhibited. There was also and more remarkable activity in the sensory cortex when the deafferentated hand was active. This is not an effect of plasticity but most likely represent normality. This finding demonstrates in fact that there is a cortical sensory program that acts independently of afferents and is serving motor commands. This is of conceptual importance and means that proprioception is not obligatory for muscle function and movements. Most likely such cortical sensory programs are also active in the normal individual in many movements. If for every movement proprioceptic input would be necessary according to the original concept there would be a substantial time delay and many mistakes done. It is therefore likely that -- as also has been described in experimental situations -- there is a direct sensory -- motor cortex interaction depending on an established sensory program in the cortex for rapid motor performances which of course in the normal situation is tuned properly by proprioceptic input particularly in dexterous and fine manipulative tasks.

Present and Future
==================

Thus, surgical replantation of avulsed cervical and lumbosacral ventral spinal roots can promote spinal cord or central nervous regeneration of autonomic and somatic motoneurons with functional re-innervation of peripheral targets such as muscles and pelvic organs. Unexpectedly, and as it seems "fringe benefits" from such surgery are pain alleviation as well as central cortical proprioceptive modulation of restored muscle activity. Both central nervous system regeneration and muscle function without proprioceptive function are of conceptual importance, but there is room for improvements to augment functional recovery particularly regarding restoration of sensory function but also motor activity.

Root avulsion injury results in time dependent neuronal loss. Neuroprotective strategies are therefore of interest. The surgery to replant avulsed ventral roots to the spinal cord has a documented effect on motoneuron survival (Bergerot et al., [@B1]; Bigbee et al., [@B3]; Eggers et al., [@B13]). This effect is, however, transient and in long time follow up there is no real difference in motoneuron population after avulsion only and avulsion with root replantation (Bergerot et al., [@B1]; Eggers et al., [@B14]). There are, however, some conflicting data on this issue. The amount of motoneurons surviving after avulsion injury was found to be lower in situations where also the dorsal root had been avulsed (Gu et al., [@B15]) or when neurons expressing ChAT immunohistochemistry were assessed (Hoang et al., [@B18]). This discrepancy could depend on different surgical techniques but most likely how the motoneuron population was estimated as quantification varies due to the staining method, with immunohistochemistry revealing greater loss than histological dye. Neurotrophic factors as well as pharmacological agents also have a neuroprotective effect. Brain derived neurotrophic factor (BDNF) but in particular glia derived neurotrophic factor (GDNF) has experimentally proved to be effective in motoneuron maintenance. In combinatorial experiments when such substances were given to animals after root avulsion and replantation there was a good persisting effect with improved functional outcome (Bergerot et al., [@B1]).

Several already approved pharmacological products have been tested experimentally in root avulsion with longitudinal spinal cord injury. One of these, riluzole, which currently is used for amyelotrophic lateral sclerosis, has shown a good neuroprotective effect after root avulsion (Bergerot et al., [@B1]). Interestingly, a combination of riluzole and GDNF applied after ventral root avulsion and replantation showed a good, robust regeneration. Using two different locomotor tests it was found that significant functional recovery approaching normal values occurred only after re-implantation of avulsed ventral roots together with GDNF and riluzole treatment. These results show that functional recovery is correlated to enhanced dendritic complexity and increased survival of motoneurons. Riluzole promotes dendritic outgrowth and neurotrophins such as GDNF promote motoneuron survival and axonal regeneration and both are required for functional recovery possibly by increasing neurotransmitter level or synthesis in motoneurons. Combinations of substances which provoke such neuronal reactions are needed to achieve a good outcome from repair of root avulsion injury. Thus, combination treatment may offer a new therapeutic strategy for treating patients with avulsion injury. However, the delivery of these substances is challenging. For instance a gene therapy approach using adeno-associated viral (AAV) vectors for long time delivery was indeed successful in preventing motoneuron death due to the trophic effect of the secreted neurotrophic factors, but the regenerated axons were "locked up" in the vicinity of the delivery site of the viral vectors and there was no distal growth and consequently no functional restoration. This may be solved by creating a longitudinal gradient of the neurotrophic factors by using a controllable or transient gene product.

However, even if neurons are protected functional recovery is presently limited to proximal regions. This is due to a restricted amount of regrowing axons as well as the slow rate of regeneration leaving distant targets denervated for a long time. Chronically denervated Schwann cells cannot maintain correct neurotrophic support and distal muscles become atrophied and fibrosed with eventually very little intact muscle to innervate (Suliman and Gordon, [@B25]). In preliminary studies using OEC applied to the site of ventral root implantation there was a four-fold increase in regenerating axons (Li et al., [@B23]). It is of course not yet clear whether the increased number of motor fibers induced by presence of transplanted OECs in the re-implanted ventral root would *per se* overcome the 'lure' of simply increasing the innervation of the nearer proximal muscles (Eggers et al., [@B14]).

Strategies should however not only be directed to problems of neuroprotection and augmenting number of regenerating axons. If the pace of regrow cannot be increased means to save denervated muscles should be implemented. There are now preliminary data that already existing drugs could have such effects (Shortland, personal communication)

In spite of the "reserve cortical sensory capacity" which helps in more simple movements as well as in alleviation of pain through corrections of motor trajectories, it is necessary to try to re-establish the afferent loop of the damaged spinal cord connections. Most promising in experimental work has been the application of OEC, a type of stem cells, which has promoted re-entry of primary sensory axons into the dorsal horn of the spinal cord (Li et al., [@B22]). An interposition of OEC between the Schwann cells and the astrocytes induced "bridging channels" from the PNS to the CNS parts of the root that allowed dorsal root nerve fibers to enter the spinal cord (Li et al., [@B22]). This arrangement appears similar to the naive arrangement at the TR of Schwann cell columns surrounding individual nerve fibers in the channels of the astrocytic fringe. Regenerated nerve fibers could be demonstrated within the dorsal horn as well as within the white matter of the dorsal columns. Functional restoration has also been reported with this technique as progressive improvements in paw grasping a frame bar during climbing (Ibrahim et al., [@B20]).

An alternative method to re-establish sensory connectivity would simply be to discard the primary sensory neuron, i.e., to excise the dorsal root ganglion, and replant the dorsal root into the dorsal horn to allow secondary sensory neurons to extend into the periphery. This was previously demonstrated in animal experiments (Carlstedt, [@B5]) and has according to preliminary data with some success recently been applied clinically.

Interest should also be directed to the effect on second and third order sensory neurons from the impact of sensory root avulsion. It has been documented that avulsion rather than rhizotomy leads to about 30% death of dorsal horn cells (Chew et al., [@B10]). There is today no information about a transynaptic effect of such trauma which of course is crucial once regeneration of primary sensory neurons into the dorsal horn is established. Maintenance of secondary sensory neurons is obviously also of importance with regards to the classical excruciating avulsion pain which today is poorly understood. Of interest in this context is also the role played by increase in glia activity in the dorsal horn in particular by microglia.

Further achievements have to rely on new basic science methods. For instance with microarray techniques the complicated biological events resulting from gene activity after injury and repair can be assed and valuable insight and cues how to advance would be gained. With regards to curtailed or restricted axonal growth within the spinal cord there are new compounds for neurite outgrowth regulation that are of interest. Some of those are small lipophilic molecules acting as receptor agonists, which potentially can reach injured neurons without difficulties in administration or dosage. For instance, functional regeneration of sensory axons into the spinal cord was achieved after stimulation of the retinoic acid receptor by such compounds (Wong et al., [@B27]).

With regards to surgery currently most cases treated are from brachial plexus traction injury. A caudal spinal cord injury at conus level has many similarities with the root avulsion as mainly the lower motoneurons and CNS parts of the peripheral sensory neurons together with nervous control over bladder and bowel function is affected. This type of injury will in the future be considered for similar type of surgical strategy in man as for the spinal cord injured patients control over pelvic organs has the highest priority.
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